Meyerhofstr 1 sizes can be controlled independently suggests that the 69117 Heidelberg size compensation process is unlikely to affect morphoGermany gen production directly, but may work downstream. The interaction between a particular morphogen gradient and tissue growth depends on the kinetic characSummary teristics of the ligand. Two types of gradients can be envisioned-"low throughput" and "high throughput." A The secreted signaling protein Dpp acts as a morpho-"low-throughput" gradient could be formed by a stable gen to pattern the anterior-posterior axis of the Drosignaling molecule that spreads slowly to reach all sophila wing. Dpp activity is required in all cells of the points in the tissue. This could occur if the ligand interdeveloping wing imaginal disc, but the ligand gradient acts strongly with extracellular matrix or with proteins that supports this activity has not been characterized. the compartment over a broad range of sizes. We pre-
as a precursor protein that is proteolytically processed to produce a C-terminal fragment that functions in sigdiscs had small wing primordia and expressed very low levels of pMAD and Spalt, consistent with a reduction naling. Adding GFP to the C terminus of the signaling fragment rendered Dpp inactive, so we inserted GFP in Dpp activity (not shown). Nuclear pMAD and Spalt expression were restored in the rescued wing discs (Fignear the N terminus of the signaling fragment of Dpp, downstream from the predicted proteolytic cleavage ures 1D and 1E). Thus, Dpp-GFP is capable of forming a long-range activity gradient in the wing imaginal disc. site ( Figure 1A ). To verify that Dpp-GFP is processed as predicted and secreted, Drosophila Schneider S2 cells
The properties of Dpp-GFP appear to be sufficiently similar to those of the endogenous Dpp protein to supwere transfected with an inducible Dpp-GFP construct. Following induction, GFP-containing proteins were import normal wing development. For the analysis that follows, we make use of Dpp-GFP as a surrogate for munoprecipitated from cell lysates and from conditioned medium and visualized by immunoblotting. A endogenous Dpp. secreted protein of the expected size was immunoprecipitated from conditioned medium ( Figure 1B ; 20 kDa
Dpp-GFP Forms an Extracellular Gradient
The Dpp-GFP protein gradient was examined by confofrom Dpp ϩ 27 kDa from GFP). A smaller amount of this protein was immunoprecipitated from cell lysates. Two cal fluorescence microscopy in wing imaginal discs. Figure 2A shows an optical section of a live wing disc larger proteins of ‫09ف‬ and 110 kDa were precipitated from cell lysates. In disc lysates, the unprocessed preexpressing Dpp-GFP under control of dpp
GAL4
. Fluorescence intensity levels are highest in the central region cursor migrated at 110 kDa and the 90 kDa band was not observed (see Figure 3A) . The unprocessed forms of the disc where Dpp is produced and appear to form a broad shallow gradient on both sides. Note the punctate of Dpp-GFP were not secreted.
Overexpression of Dpp-GFP in its endogenous doappearance of Dpp-GFP. The brightness of these spots as well as the number of spots per unit area decrease main with dpp GAL4 in a wild-type background causes imaginal disc overgrowth that is indistinguishable from with distance from the source of Dpp. A plot of the fluorescence intensity profile for this disc is shown in the hTfR and Tkv channels separately), suggesting that the spots of Tkv represent receptor internalization via the Figure 2D . Figure 2B shows an optical section of a similar disc, fixed and labeled with antibody to Ci protein to endocytic pathway. These observations suggest that the punctate spots of Dpp-GFP may reflect ligand intermark the anterior compartment. A plot of fluorescence intensity showed that Dpp-GFP levels were highest in nalized by receptor-mediated endocytosis. We note that overlap is difficult to detect because Dpp-GFP levels the dpp
-expressing cells on the anterior side of the compartment boundary ( Figure 2C ). In optical crossare low in the lateral region of the disc where Tkv levels are higher. sections of a fixed sample, Dpp-GFP was observed in punctate spots within the epithelium as well as more In addition to the bright spots of internalized Dpp-GFP, GFP fluorescence was seen in a diffuse pattern diffusely distributed over the surface of the cells ( Figures  2E and 2F) . In cross-section it is possible to see that the outlining the cells (Figures 2C and 3B ). This may reflect surface-associated extracellular Dpp-GFP, but we note intensity of surface-associated label also decreased with distance from the source ( Figure 2F, lower panel, red) . that this cannot be determined by fluorescence microscopy. To ask whether a significant fraction of Dpp-GFP To ask whether the bright spots of intracellular Dpp-GFP could represent protein concentrated in endocytic is extracellular, we took a biochemical approach. Intact wing discs were treated with proteinase K to digest vesicles, we compared their distribution with that of the Dpp receptor Thickveins (Tkv). Tkv protein levels are extracellular proteins and examined by immunoblotting ( Figure 4A ). Digestion of Dpp-GFP was compared with high at the lateral edge of the wing pouch and lower in the center ( Figure 3A) Dpp-GFP is more difficult to visualize by microscopy, perhaps because its distribution is diffuse.
spots of intracellular Dpp-GFP reflect protein targeted Secreted Dpp-GFP Is Rapidly Turned Over
to the lysosome for degradation. Use of a pulse-chase To gauge the stability of extracellular Dpp-GFP, we permethod to monitor Dpp-GFP turnover requires that discs formed a pulse-chase experiment in the wing disc. Inbe cultured briefly. We cannot exclude the possibility tact wing discs expressing Dpp-GFP in the endogenous that the properties of Dpp-GFP in cultured discs may domain were biotinylated on ice to label cell surface and differ from those in the intact larva. However, we note extracellular proteins. Discs were cultured for 3 hr to that Wg behaves comparably in both situations. allow turnover of labeled proteins, or lysed immediately. Biotinylated proteins were recovered by binding to streptavidin beads and examined by immunoblotting
The Dpp Gradient Forms Rapidly The Dpp-GFP gradient that we observed in the living ( Figure 4B ). Fasciclin II levels decreased little during the 3 hr chase period. Wingless levels were considerably wing disc reflects a dynamic balance between the rates of ligand turnover and production. The observation that reduced, in agreement with previous reports that secreted Wingless is turned over rapidly in the wing disc Dpp-GFP is unstable therefore predicts that the rate of ligand movement through the tissue should be relatively (Cadigan et al., 1998; Strigini and Cohen, 2000). Dpp-GFP protein was reduced to nearly undetectable levels fast. To examine the rate of Dpp gradient formation, we made use of a temperature-sensitive mutation in the during the 3 hr chase period, indicating that secreted Dpp-GFP is rapidly turned over in cultured discs. Dpphedgehog gene, which allows dpp synthesis to be reversibly blocked. Previous studies have shown that dpp-GFP was not recovered from the culture medium, suggesting that it was degraded, and not shed from the lacZ expression is removed by raising hh ts2 larvae at 29ЊC for 24 hr (Strigini and Cohen, 1997). This treatment discs into the culture medium. It is possible that some Wing imaginal discs labeled with anti-pMAD (white) and anti-␤Gal to visualize dpp-lacZ expression. Hours recovery indicates time after the shift to the permissive temperature to reactivate Hh and allow new synthesis of Dpp at which larvae were sampled. The low level of pMAD labeling in the pouch at 0 hr recovery indicates that a low level of Dpp signaling activity remained, even though dpp-lacZ expression was undetectable. By 2 hr recovery, p-MAD staining was seen over a few cell diameters in the posterior compartment. By 4 hr, pMAD was seen at somewhat reduced levels in an almost normal-sized domain, although dpp-lacZ expression was still not detectable. By 7 hr dpp-lacZ expression was detected and pMAD staining was essentially fully recovered. 
Ligand versus Activity Gradients
Wing discs in which Dpp-GFP has replaced endogenous Dpp provide an opportunity to simultaneously visualize Dpp ligand levels and receptor (Tkv) levels. Using pMAD we can also visualize the level of receptor activation. Figure 8A shows a dpp d8 /dpp d12 wing disc expressing Dpp-GFP under control of dpp GAL4 and stained to visualize pMAD and Tkv levels. The expression profiles of the three proteins are compared in Figure 8B are not responsible for size accommodation, but rather these spots of Tkv represent endocytic vesicles. Thus, that levels of the Dpp "upstream signaling compothe spots of Dpp-GFP could reflect intermediates in the transport process. Alternatively, these vesicles might reflect Dpp targeted for intracellular degradation. With the caveat that both Dpp-GFP and Tkv spots are difficult to visualize, the fact that some Dpp-GFP accumulations colocalize with a Tkv spot and some do not might reflect segregation of a recycling receptor and a ligand destined for degradation. Our data do not allow us to distinguish between endocytosis-mediated transport and target genes spreads slowly around Dpp-expressing clones in the lateral regions of the wing disc (Lecuit and 
